u , has been the subject of numerous spectroscopic studies as it is the lowest energy state that is populated by the absorption of a single vacuum ultraviolet (VUV) photon from the ground state. However, since the ion-pair state has a much larger internuclear separation than the ground state, only highv levels are accessed because transitions to levels near to the potential minimum cannot be observed due to prohibitively small Franck-Condon (FC) factors. Douglas 1 carried out the first extensive absorption study over the range 69 000-75 000 cm −1 and observed that the levels above 73 500 cm −1 are strongly coupled to a 4p;0 u + Rydberg state. The potential of the coupled state has been calculated by Wörmer et al. 2 from a simulation of the dispersed emission back to the ground state. They assigned the vibrational levels observed in the absorption spectrum as v = 18-47. Subsequently, Tsuchizawa et al. 3 recorded VUV laser excited fluorescence excitation and (1 + 1 ) resonance enhanced ionization spectra of a jet-cooled sample in the same energy region. They compared the position of the observed vibrational levels with those supported by the calculated potential and concluded that the observed-calculated (Obs.-Calc.) values change from +40 to −40 cm −1 in the range v = 30-38. This, they suggested, meant that there was room for a minor revision of the Wörmer potential.
The calculated potential of the F 0 u + ( 1 D 2 ) state has a minimum around 64 000 cm −1 where it is predicted to cross the inner walls of the D0 u + ( 3 P 2 ) and F 0 + u ( 3 P 0 ) states, formerly labelled 4 α and γ , respectively, as shown in Fig. 1 . This energy region has been studied by one-color, (1 + 2) optical-optical double resonance (OODR) excitation via the unbound portion of the B0 u + state. 7 Long vibrational progressions up to 72 000 cm −1 in both the D0 u + ( 3 P 2 ) and F 0 Cl, populated by (1 + 2 ) OODR excitation via bound levels of the B0 u + state using mass-resolved ion detection. After an initial analysis in which the lowest energy band observed in the spectra of both isotopomers is assigned to v = 0, we present a coupled two-state calculation that models the interaction between the F 0 u + ( 1 D 2 ) and F 0 + u ( 3 P 0 ) states. The calculation confirms this vibrational numbering and determines the strength of the coupling.
II. EXPERIMENTAL
The ion-pair state levels are excited by a (1 + 2 ) OODR excitation path via bound levels of the B0 u + state, as illustrated in Fig. 1 , and detected by ionization following absorption of two additional photons. A XeCl excimer laser (Lambda Physik EMG 201MSC) simultaneously pumped two Lambda Physik dye lasers; an FL 2002 operating with the dye C102 and an FL 3002E operating with the dyes C102, C2, and C120 provided the pump and probe photons, respectively. The counter-propagating, focussed beams were overlapped in a molecular beam of Cl 2 that was generated by pulsing ∼500 Torr of 10% natural Cl 2 in Ar through a General Valve Iota One nozzle into the ionization region of a time-of-flight mass spectrometer (TOFMS). The ion signal from the TOFMS was processed by a Stanford Research SR 250 boxcar integrator and stored on a PC.
35 Cl 2 and 35 Cl 37 Cl isotopomers were studied by collecting 35 Cl + and 37 Cl + , respectively. Although it was usually possible to uniquely excite one of these at the intermediate stage, occasionally the second isotopomer was also weakly excited. To circumvent this problem, all spectra were recorded by simultaneously collecting 35 Cl + and 37 Cl + , and the bands due to the unwanted isotopomer removed by subtracting one spectrum from the other. The laser wavelengths were calibrated from the optogalvanic signal of a neon-filled hollow cathode lamp.
III. RESULTS AND ANALYSIS

A. Assignment of vibrational progressions
The spectra were recorded by exciting the head of an B0 u + ← X0 g + band and hence typically J = 0-4 are excited in the ion-pair state. The term values of the vibrational levels in the ion-pair states are determined by adding the calibrated probe transition wave number, accurate to ±1 cm −1 at the two-photon level, to the term value of the rotationless intermediate state. 5 Since ionization is a two-photon step, its efficiency can be enhanced by accidental resonances with, most probably, gerade Rydberg states resulting in very large variations in the observed ion signal intensities. This phenomenon also means that, in general, very little reliable information can be derived from the relative intensities of the ion signals.
The 62 700-64 500 cm −1 region of the (1 + 2 ) OODR spectrum of 35 Cl 2 excited via the B0 u + ← X0 g + (28,0) band is shown in Fig. 2 . The spectrum contains D0 u + ( 3 P 2 ) and F 0 + u ( 3 P 0 ) state progressions with v = 21-28 and 12-17, respectively. All of these were seen previously in the (1 + 2) OODR spectrum excited via the continuum of the intermediate state. 7 Several additional weak bands (indicated by asterisks) are observed which are due to (1 + (1 + 1 )) excitations, via the same intermediate level, to the same progressions.
The D(v = 25) and F(v = 15) levels are shifted by ∼10 cm −1 (see Table I ) as a result of weak coupling between the D0 u + ( 3 P 2 ) and F 0 + u ( 3 P 0 ) states as reported previously. 7 Perturbations of ≤10 cm −1 between the vibrational levels of these two states are observed throughout the spectra. In all spectra the ladders indicate the observed band positions.
The 64 100-65 800 cm −1 region of the (1 + 2 ) OODR spectrum of 35 Cl 2 excited via the B0 u + ← X0 g + (20,0) band is shown in Fig. 3(a) . As above, the bands indicated by asterisks are due to (1 + (1 + 1 )) excitations. As reported previously, 7 the D0 u + ( 3 P 2 ) state progression can easily be identified throughout this region with no larger perturbations than observed to lower energy. The F 0 + u ( 3 P 0 ) state progression can also be identified but with perturbations of up to 65 cm −1 . After these assignments, two weak bands at 64 998 and 65 313 cm −1 and a medium strong band at 65 576 cm −1 remain and consequently we assign them to (1 + 2 ) excitations of the F 0 u + ( 1 D 2 ) state. In the earlier (1 + 2) study, The 64 100-65 800 cm −1 region of the (1 + 2 ) OODR spectrum of 35 Cl 37 Cl excited via the B0 u + ← X0 g + (20,0) band is shown in Fig. 3(b) . Here, the strong band at 65 094 cm −1 is assigned as F (v = 0). The assignments of the two v = 0 bands are confirmed in Sec. III C.
In both isotopomers all three progressions can be followed up to 68 000 cm −1 ; part of the 35 Cl 2 spectrum is shown in Fig. 4 For the F 0 + u ( 3 P 0 ) state, the values for v ≥ 18 were taken from the present work while those for v = 0-7 and 12-17 were taken from previous studies. 4, 7 All observed values were included in the fit and a cubic polynomial was used to expose the perturbations, in contrast to our previous study where the most perturbed levels were omitted and a six-term polynomial was used to obtain Dunham coefficients. 7 The differences between the observed values for v ≥ 18 and those calculated from the cubic fit are shown in Table I . The procedure was repeated for v = 0-10 of the F 0 u + ( 1 D 2 ) state using the term values and vibrational numbering determined in the present work where only a quadratic polynomial fit was required and the results are shown in Table II. C. The coupled two-state calculation
Overview
The primary aim is to establish the numbering of the vibrational progression of the F 0 
progressions by using a vibronic coupling model involving these two electronic states, attributing any residual discrepancies in the fitting to triple interactions with the D0 u + ( 3 P 2 ) state. It is clear that the perturbations do not just involve isolated pairs of vibronic levels in the two electronic states that periodically come into near resonance roughly every 1000 cm −1 on the vibrational ladder but that each region of perturbation extends over several vibrational levels (average spacing ∼250 cm −1 ), so that these coupled regions run into each other. We thus need a global rather than a local fit to the data by a procedure that is rapid because the data set contains 28 levels and more than one parameter must be optimized.
The global fitting procedure
The wave function of the vth rovibronic level of two interacting = 0 electronic states is
where (1) ≡ F, and (2) ≡ F , R is the internuclear separation and r is a collective electronic coordinate. The electronic wave functions χ (R,r) are assumed to be normalized at all R and itself is normalized by requiring
2 n dR = 1. In a diabatic basis, the electronic wave functions are taken to be independent of the interatomic coordinates R, at least in the coupling region 2, 9 and the coupling is attributed to a term H c (R,r) in the Hamiltonian. This is appropriate for the present problem because the F 0
states are nominally triplet and singlet, respectively, and the coupling term is then principally the spin-orbit operator, H s.o , leading to a very rapid change in χ (1) and χ (2) around the avoided crossing if an adiabatic basis is used. Projecting the wave function for the coupled wave functions (2), {H v (R) + H e (R,r) + H c (R,r)} n = E n n onto the two orthogonal electronic states that are eigenfunctions of H e gives, for homogeneous coupling, the standard coupled wave equations for the vibrational eigenfunctions. Putting these in a column vector ψ = {ψ (1) , ψ (2) }, (see Appendix)
where the elements of
with the diagonal elements defining the diabatic potentials and the spin-orbit coupling solely responsible for the off-diagonal elements. In Eq. (3), residual dynamic coupling terms of the type χ (i) dχ (j ) /dR dψ (j ) /dR have been omitted. All quantities are dimensionless; R = R/s, E, and V ij are reduced by 2μs 2 /¯2, where s is a length parameter appropriate to the method of solution (see Appendix).
The parameters that can be varied are then the location (T e , R e ) and shape (ω e , ω e x e ) of the upper diabatic potential V 11 (R) which is assumed to be a Morse function, the position of the inner wall of the lower diabatic state V 22 (R) relative to the upper diabatic state and the coupling constant, V 12 , which will be assumed to be independent of R. obtained from a quadratic fit of the observed vibrational energy levels. The initial choice of F 0 + u ( 3 P 0 ) state diabatic potential was that given by Al-Kahali, 6 but this is essentially an adiabatic potential that was derived from a fit of the smoothed vibrational progression of the F 0 + u ( 3 P 0 ) state with strongly perturbed levels omitted. The knot points near the potential minimum are quite tightly determined by the lowest vibrational levels of the F 0 + u ( 3 P 0 ) state and the inner wall was smoothly modified to pass through the F 0 u + ( 1 D 2 ) state near its minimum. Solving the two uncoupled vibrational wave equations for energies in the region of F (v = 0), F(v = 21, 22) indicates that the overlap of the two wave functions 21|0 and 22|0 are both ∼0.2, falling to ≤0.1 for F (v = 10). Thus to achieve a displacement of the order of those observed, say 40 cm −1 , would require V 12 (R c ) ≥ 200 cm −1 (the lower limit only applying if two states in exact resonance interact and neighbouring vibronic states exact no influence).
The
T e for the F 0 u + ( 1 D 2 ) state was first located at 64 630 cm −1 to coincide with Wörmer's 2 value and which corresponds to placing F (v = 0) two quanta below our lowest level. Even with the low value of V 12 of 200 cm −1 , the F 0 + u ( 3 P 0 ) state progression was markedly disturbed by ∼20 cm −1 around v = 19, 20, whereas the major perturbation in the F 0 
The optimized fit
In order to optimize the fit under coupled conditions, some guidance as to the range of parameter values is helpful, but uniqueness of fit cannot be guaranteed. If two diabatic vibronic levels F(v) and F (v ) come into near resonance, the maximum displacement is ± v|V 12 (R)|v . If the electronic coupling is assumed to be independent of R so the off-diagonal elements of V 12 (R) are largely determined by the overlap of the vibrational wave functions in a localized region around the avoided crossing R c , then
From Table I it can be seen that the first major perturbation of the F 0 
The largest uncertainty appears to be in the use of a Hulbert-Hirschfelder potential to approximate the X0 g + state potential energy curve, the parameters of which were not allowed to vary.
Fluorescence from F (v = 39) at wavelengths corresponding to a classical point of transition around R e of the F 0 u + ( 1 D 2 ) state produces Cl 2 (X) very close to dissociation at around 20 000 cm −1 . The structure in the dispersed fluorescence is then sensitive to small displacements of the inner wall of the ground state potential which may not be accurately modelled by the Hulbert-Hirschfelder potential in this energy region. Additionally, if there is appreciable coupling of the emitting F (v = 39) level with the F 0 + u ( 3 P 0 ) manifold in which it is embedded, then a further shift is induced in the structure of the F 0 u + ( 1 D 2 ) → X0 g + emission which may have been compensated for by adjusting T e or R e of the
IV. CONCLUSIONS
We have observed vibrational levels of the higher than that deduced from an analysis of dispersed fluorescence from a high vibrational level 8000 cm −1 above T e . The calculation also confirmed that the first observed members of the F 0 u + ( 1 D 2 ) state progressions are the T 0 bands.
APPENDIX: NUMERICAL IMPLEMENTATION
We solve the coupled equation (2) by representing the continuous functions ψ 1,n and ψ 2,n by a column vector w of values on a common grid of N equally spaced radial points, y 1 = ψ (1) (R 1 ), y 2 = ψ (2) (R 1 ), y 3 = ψ (1) (R 1 + s) , . . . , y 2N = ψ (2) The roots E n in a selected energy range are quickly found by bisection to any required precision, δE, that is consistent with step length, s. Typically, s = 10 −3 Å and δE = 10 −1 cm −1 were used. Eigenfunctions, which are only required in squared form for the weights of the two electronic states in a given vibronic level, P 
